In view of the problem that the features of ship-radiated noise are difficult to extract and inaccurate, a novel method based on variational mode decomposition (VMD), multi-scale permutation entropy (MPE) and a support vector machine (SVM) is proposed to extract the features of ship-radiated noise. In order to eliminate mode mixing and extract the complexity of the intrinsic mode function (IMF) accurately, VMD is employed to decompose the three types of ship-radiated noise instead of Empirical Mode Decomposition (EMD) and its extended methods. Considering the reason that the permutation entropy (PE) can quantify the complexity only in one scale, the MPE is used to extract features in different scales. In this study, three types of ship-radiated noise signals are decomposed into a set of band-limited IMFs by the VMD method, and the intensity of each IMF is calculated. Then, the IMFs with the highest energy are selected for the extraction of their MPE. By analyzing the separability of MPE at different scales, the optimal MPE of the IMF with the highest energy is regarded as the characteristic vector. Finally, the feature vectors are sent into the SVM classifier to classify and recognize different types of ships. The proposed method was applied in simulated signals and actual signals of ship-radiated noise. By comparing with the PE of the IMF with the highest energy by EMD, ensemble EMD (EEMD) and VMD, the results show that the proposed method can effectively extract the features of MPE and realize the classification and recognition for ships.
Introduction
Ships are important equipment in the marine field. Ship-radiated noise can reflect some important physical properties of ships, so the research of ship-radiated noise is of great significance. Feature extraction of ship-radiated noise is one of the key problems in the field of underwater acoustic signal processing and plays a significant role in research and practical application. Ambient noise, which is constituted by contributions from numerous natural and anthropogenic sources, has made it difficult to extract the features of ships that can reflect properties of the ship from the ship-radiated noise [1, 2] . As a result, accurate feature extraction of ship radiated-noise becomes a very challenging work by traditional analysis in the time and frequency domains. For example, Fourier transform analysis cannot reflect time-varying characteristics of the signal well; also, the wavelet transform can provide signal time-frequency information at the same time, while it is limited by the selection of the wavelet basis function [3] .
However, as far as we know, few studies have extracted features of signals by VMD combining MPE in the field of underwater acoustic signal processing.
In this paper, based on the above analysis, a new method for feature extraction of ship-radiated noise is presented by taking advantage of the VMD and MPE. The outline of this paper is as follows: Section 1 is the introduction; Section 2 is the basic theory of VMD and MPE; in Section 3, the review of the proposed method for feature extraction of ship-radiated noise is presented; in Section 4, the proposed method is applied to simulation experimental data; in Section 5, the proposed method is applied to ship-radiated noise signals; and, finally, Section 6 is the conclusion.
Basic Theory

VMD Method
VMD is a new multi-component signal decomposition algorithm based on Wiener filtering, Hilbert transform, and heterodyne demodulation. Unlike EMD and its extended algorithms, it defines the IMF as an amplitude-modulated-frequency-modulated (AM-FM) signal as follows:
where the envelope A k (t) and instantaneous frequency . φ k (t) are nonnegative. In addition, the change of A k (t) and . φ k (t) are more slower than φ k (t). Each u k is compact around a respective centre frequency, and its bandwidth is obtained by means of Gauss smooth demodulation. When VMD is used to non-recursively decomposed multi-component signal, the constrained variational problem is defined as: where K denotes the number of the IMF, f is the input signal, {u k } = {u 1 , u 2 · · · , u K } indicates each IMF, and {w k } = {w 1 , w 2 , · · · , w K } represents the centre frequency of each IMF. In order to solve the constrained problem to Equation (2) , the penalty parameter α and the Lagrange multiplication operator λ(t) are applied to change Equation (2) to the non-constraint problem. The augmented Lagrange is denoted as:
where α is regarded as the balancing parameter of the data-fidelity constraint. By using the alternating direction multiplier method (ADMM), the saddle point of Equation (3) can be obtained and the estimated u k , corresponding centre frequency w k , and λ are updated in the frequency domain, which can be written as follows: where τ is the update parameter. There are two different methods for setting the initialization of centre frequencies, namely, uniformly spaced distribution and zero initial. Specifically, the uniformly-spaced distribution for the centre frequency is defined as:
while the zero initial can be represented simply by:
The specific process of the VMD algorithm is summarized as follows:
(1) Initialize {û 1 k }, w 1 k ,λ 1 , and n = 0. (3) Judge whether or not u k meets the convergence condition in Equation (9):
Repeat the process of (2) until the convergence stop condition is satisfied, where e is the accuracy for convergence. The complete algorithm and the implementation of VMD can be found in [7] .
Analysis of the Simulation Signal Based on VMD
To prove the validity of the VMD method, the decomposition of simulation signal is performed by EMD, EEMD, and VMD. The simulation signals are as follows: (10) where f 1 (t), f 2 (t), f 3 (t), and f 4 (t) represent the four components of f (t). EMD, EEMD, and VMD are used to decompose f (t). The simulation signals and the decomposition result of EMD, EEMD, and VMD are presented in Figure 1 . The sampling frequency is 10 kHz.
As it can be seen in Figure 1 , EMD and EEMD separated f (t) into six and eight IMFs, which is more than the four components of f (t). There is a certain degree of mode mixing by EMD and EEMD. However, when the number of decompositions is 4, VMD separated f (t) into four IMFs, and there is a consistent one-to-one match between each IMF and each component of f (t). The correlation coefficients of the simulation signals and corresponding IMFs are shown in Table 1 . As seen in Table 1 , the simulation signal f 4 (t) has no corresponding IMF by EMD, and the correlation coefficients by VMD are greater than the correlation coefficients by EMD and EEMD. It can be concluded that the VMD method is more efficient. correlation coefficients of the simulation signals and corresponding IMFs are shown in Table 1 . As seen in Table 1 , the simulation signal 4 ( ) f t has no corresponding IMF by EMD, and the correlation coefficients by VMD are greater than the correlation coefficients by EMD and EEMD. It can be concluded that the VMD method is more efficient. 
PE Method
The principle of PE was described in detail in [20] . Mathematically, the phase space of a time series { ( ), 1,2, , } x i i n =  can be constructed as: 
The principle of PE was described in detail in [20] . Mathematically, the phase space of a time series {x(i), i = 1, 2, · · · , n} can be constructed as: where τ is the time delay and m is the embedded dimension which determines the quantity of elements in the row vector of the matrix. Each row vector in the matrix can be regarded as a reconstruction component. The matrix consists of K reconstruction row vector which is equal to n − (m − 1)τ. Each row vector can be arranged in an increasing order as:
if two elements in a vector have the same value as:
Their original order can be rearranged as:
Consequently, for any time sequence, each row vector has a group of symbol sequences as:
where g = 1, 2, · · · , l, and l ≤ m!, phase space with m dimensions has m! different symbol sequences (j 1 , j 2 , · · · , j m ), and symbol sequence S(g) is just one of the symbol permutations. If the probability of each symbol sequence is expressed as P 1 , P 2 , · · · , P l , then the PE of order l for time sequences can be defined as:
when P j = 1/m!, the value of H P (m) is ln m! (maximum value). For convenience, H P (m) can be normalized as:
where the value of H P shows the degree of randomness of time sequence. A lower H P value shows more regular time sequence; while higher H P value indicates less regular time sequence. In this paper, the setting value of parameters of PE was the same with [28] .
MPE Method
MPE is a kind of improvement based on PE. Its fundamental idea is to calculate the PE of the coarse-grained time sequence. The process of coarse graining for the time sequence x = {x 1 , x 2 , · · · x L } whose length is L can be defined as:
where s is the scale factor, and y s j is the multi-scale time sequence. When the scale factor is 1, the time sequence is the original time sequence, and its MPE is the PE. After coarse-grained processing, the new time sequence can be used to calculate the MPE according to the PE method. The process of coarse-graining is important in the analysis of MPE, in which the time sequence is divided into sections and each section is equalized to obtain a new time sequence. Therefore, the selection of the scale factor is crucial in the analysis of the complexity of signals.
To compare the differences between the PE and MPE, the analysis of simulation signals is performed. The simulation signals are as follows:
where f 1 (t), f 2 (t), and f 3 (t) represent the three simulation signals. The time delay and the embedded dimension are 1 and 3, respectively. The scale factor is from 1 to 10. The sampling frequency and data length are set as 1 kHz and 5000, respectively. The MPE of the simulation signals are presented in Figure 2 .
coarse-graining is important in the analysis of MPE, in which the time sequence is divided into sections and each section is equalized to obtain a new time sequence. Therefore, the selection of the scale factor is crucial in the analysis of the complexity of signals.
To compare the differences between the PE and MPE, the analysis of simulation signals is performed. The simulation signals are as follows: As it can be seen in Figure 2 , the PE, when the scale factor is 1, is very close for the three simulation signals. However, when the scale factor is greater than 1, there are some differences in MPE for the three simulation signals, especially when the scale factor is 10.
Feature Extraction Method Based on VMD and MPE
The key to feature extract is choosing the appropriate decomposition method to identify the type of signal. VMD has a strong ability of analysis in the time-frequency domain and widely used in many fields. Combined with the property of the MPE, a hybrid feature extraction approach can be designed as shown in Figure 3 . The main steps are as follows:
Step 1: The three types of ship-radiated noise signals are sampled and then normalized. Additionally, the number of decompositions is selected according to the result of EMD. Then, we can obtain all the IMFs by VMD.
Step 2: The intensities of IMFs are calculated, and the optimal IMFs with the highest energy are selected to represent the original ship-radiated noise signals.
Step 3: The parameters of MPE are selected, and the MPE of the optimal IMF is calculated at different scales. After analysis and comparison, the optimal feature, which is easy to distinguish the four types of ship-radiated noise signals, is selected as the characteristic vector.
Step 4: Calculate the optimal features of 50 samples for each type of ship-radiated noise, and send them into the SVM as the training set and testing set. Then, we can obtain the classification results of three types of ship-radiated noise signals by SVM. As it can be seen in Figure 2 , the PE, when the scale factor is 1, is very close for the three simulation signals. However, when the scale factor is greater than 1, there are some differences in MPE for the three simulation signals, especially when the scale factor is 10.
Step 4: Calculate the optimal features of 50 samples for each type of ship-radiated noise, and send them into the SVM as the training set and testing set. Then, we can obtain the classification results of three types of ship-radiated noise signals by SVM. 
Analysis of Simulation Signal Based on VMD and MPE
The VMD of Simulation Signal
In order to verify the accuracy of MPE of IMF by VMD, the decomposition of simulation signal is performed by EMD, EEMD, and VMD. The simulation signals are as follows: 
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where S1, S2, and S3 represent the three components of the simulation signal y 1 . f 1 = 10, f 2 = 50, f 3 = 100. n is the standard Gaussian white noise, y 2 is the noisy signal containing both y 1 and n. The sampling frequency and data length are set as 1 kHz and 1000. The simulation signals and the decomposition results of EMD, EEMD, and VMD are presented in Figure 4 .
As it can be seen in Figure 4 , the first two IMFs are the noise modes for EMD and EEMD methods, and we can find the IMFs corresponding to S1, S2, and S3 for the three decomposition methods; their correspondence is shown in Table 2 . Compared with the EMD and EEMD methods, the VMD result is closer to the original simulation signal. As it can be seen in Figure 4 , the first two IMFs are the noise modes for EMD and EEMD methods, and we can find the IMFs corresponding to 1 S , 2 S , and 3 S for the three decomposition methods; their correspondence is shown in Table 2 . Compared with the EMD and EEMD methods, the VMD result is closer to the original simulation signal. 
The MPE of IMF with the Highest Energy
The average intensity of each IMF can be calculated, and then the IMF with the highest energy can be obtained. In addition, before calculating the average intensity of each IMF, the noise modes should be removed for EMD and EEMD methods. The IMF with the highest energy corresponds to the simulation signal S1 for the three decomposition methods, the MPE of them is shown in Table 3 . As seen in Table 3 , compared with the EMD and EEMD methods, the MPE of IMF with the highest energy by VMD is closer to the MPE of simulation signal S1 in the scale from 1 to 2. Therefore, the MPE of IMF with the highest energy by the VMD method is more accurate than the EMD and EEMD methods. 
Feature Extraction of Ship-Radiated Noise Based on VMD and MPE
The VMD of Ship-Radiated Noise
Three types of ship-radiated noise signals were recorded using calibrated omnidirectional hydrophones at a depth of 29 m in the South China Sea. During recording, there were no observed disturbances from biological or man-made sources. The distance between the ship and hydrophone is about 1 km. The sampling frequency and sampling points are set as 44.1 kHz and 5000, respectively. The samples are normalized to obtain the time-domain waveform for three types of ship-radiated noise signals shown in Figure 5 . The number of decomposition and penalty parameter are set as 8 and 2000, respectively. Then the three samples after normalization are decomposed into IMFs by VMD, and the results of VMD are rearranged according to their frequency descending order in Figure 6 . 
Feature Extraction of Ship-Radiated Noise Based on VMD and MPE
The VMD of Ship-Radiated Noise
Three types of ship-radiated noise signals were recorded using calibrated omnidirectional hydrophones at a depth of 29 m in the South China Sea. During recording, there were no observed disturbances from biological or man-made sources. The distance between the ship and hydrophone is about 1 km. The sampling frequency and sampling points are set as 44.1 kHz and 5000, respectively. The samples are normalized to obtain the time-domain waveform for three types of ship-radiated noise signals shown in Figure 5 
Feature Extraction of Ship-Radiated Noise
According to the VMD results, it was easy to obtain the IMF with the highest energy. The distribution of IMF with the highest energy by VMD is shown in Table 4 . As shown in the Table 4 , the first and second types are in the same level among them. According to the parameter settings of PE in [31] , we select 4 as the embedding dimension and 1 as the time delay, the MPE of IMF with the highest energy by VMD is shown in Figure 7 . As shown in the Figure 7 , the MPE of IMF with the highest energy increases with the increases of scale, and the difference of MPE also increases with the increases of scale. Therefore, the MPE of IMF with the highest energy, when the scale is 5, is selected as the characteristic vector for the three types of ship-radiated noise. 
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Classification of Ship-Radiated Noise
In order to further prove the effectiveness of the proposed method, the PE and MPE of IMF with the highest energy by VMD are sent into the SVM to train the SVM model and then obtain the SVM classifier. The classification results of the training sample and test sample by different methods are shown in Tables 5 and 6. As shown in the Tables 5 and 6 , the correctness of the second and third type is 100%. However, for the first type of ship-radiated noise, the correctness is different, the correctness of the proposed method is more than 80% and the other method is less than 50%. The overall correctness of the proposed method is 94%, which is obviously superior to the other method. 
Conclusions
To extract the characteristic vector of ship-radiated noise signals, a novel feature extraction method is proposed in the paper. The proposed method integrates VMD, MPE, and SVM. The VMD method is used to decompose the three types of ship-radiated noise signals, and the IMFs with the highest energy are obtained. Then, the MPEs of IMF with the highest energy are calculated at different scales. The optimal MPE is selected as the feature vector, which is sent into SVM to identify different types of ship-radiated noise. The effectiveness of the proposed method is fully evaluated by experiments and comparative studies. The proposed method mainly has the following advantages: 
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Conclusions
To extract the characteristic vector of ship-radiated noise signals, a novel feature extraction method is proposed in the paper. The proposed method integrates VMD, MPE, and SVM. The VMD method is used to decompose the three types of ship-radiated noise signals, and the IMFs with the highest energy are obtained. Then, the MPEs of IMF with the highest energy are calculated at different scales. The optimal MPE is selected as the feature vector, which is sent into SVM to identify different types of ship-radiated noise. The effectiveness of the proposed method is fully evaluated by experiments and comparative studies. The proposed method mainly has the following advantages:
(1) Compared with [31] , the proposed method uses VMD instead of EMD. Simulation results show that the VMD method is more accurate and effective than EMD and EEMD methods. The VMD method, which can effectively avoid mode mixing, is beneficial to the feature extraction of IMF.
(2) Compared with [31] , the proposed method uses MPE instead of PE. PE can quantify the complexity only in one scale, while the MPE is used to extract features in different scales. The MPE can provide an optimal feature to distinguish different types of ship-radiated noise signal.
(3) By taking advantages of the VMD and MPE, the proposed method is an effective method for feature extraction of ship-radiated noise. Compared with the PE of IMF with the highest energy by EMD, EEMD, and VMD, the simulation results show that the proposed method has better separability and a higher recognition rate.
